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ABSTRACT

The advent of two-dimensional (2D) organic/inorganic layered and monolayer materials has ushered in an explosion of research to under-
stand the synthesis, underlying physics, and exciting material properties of these materials. The field to date has produced preliminary design
rules related to feasible synthesis routes that can be used to design 2D materials with a range of organic ligands and metal linkers. This
review seeks to extend these design rules to predict which ligands and metals can be combined, and in what fashion, to control the thermal,
mechanical, magnetic, and optoelectronic properties. Furthermore, we review the various synthetic techniques and how these can be modi-
fied to enable scalable manufacturing of 2D polymers and materials, and how this highlights the need for defect engineering and advanced
characterization capabilities within the field. We conclude by discussing how together these design rules, manufacturing considerations, and
characterization tools coalesce to enable new materials, applications, and fundamental insights. Particular emphasis is given to magnetism,
electrical properties, and optics. Overall, this review serves as a roadmap and framework for identifying new and exciting material targets,
strategies for engineering desirable properties, and conduits to streamline the manufacturing and processing of these exciting materials.
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material systems of either inorganic or organic families have garnered
tremendous research interest. Inorganic 2D materials such as
transition-metal dichalcogenides (TMDs),” hexagonal boron nitride
(h-BN),} MXenes, ® and layered perovskitesk) have demonstrated
exotic quantum properties for applications in optoelectronics, energy
harvesting materials, flexible electronics, spintronics, luminescence
devices, and sensors. However, these materials lack flexibility in their
structural chemical design and porous behavior when compared to
their polymeric counterparts. Extensive research is being done on syn-
thetic 2D polymers for their unique material properties and rational
synthesis methods. A 2D polymer is defined as a topologically planar
molecular sheet made up of linked, repeating units of building blocks/
monomers that extend across two dimensions. In some cases, the 2D
definition also includes a few layers of stacked 2D sheets interacting
through weak van der Waals (vdW) forces.'” From a physical perspec-
tive, their ultrathin nature often means that quantum electron confine-
ment effects are much more prominent, which gives rise to many
novel optical, electronic, thermal, and magnetic phenomena."'

Under the 2D polymer umbrella, 2D coordination polymers (CPs)
are one of the subclasses of organic materials constructed by tiling
organic ligands with metal ions in the two-dimensional landscape. In the
literature, these 2D CPs are also commonly referred to as 2D metal-
organic frameworks (2D MOFs), coordination nanosheets (CONASHs),
and even metal-organic layers (MOLs). Both 2D CPs and covalently
bonded organic polymers can be selectively synthesized with defined
and tunable chemical functionalities to have a variety of diverse material
properties. 2D CP networks are essentially the product of Lewis acid-
base pairs in which the organic ligands are bonded to a central metal ion
through coordinate covalent bonds. In comparison to strictly covalently
bonded 2D polymers, the insertion of a metal linker into the organic
framework allows for 7-d orbital interactions to contain unique elec-
tronic, magnetic, and optical properties. The weak and reversible interac-
tions of coordination bonds of 2D CPs also allow for the self-assembly
of the organic ligands and metal linkers.'”'>"” Similar to the design flexi-
bility offered by LEGO® building blocks, there are nearly an infinite
number of combinations of organic ligands with interchangeable anchor
sites, metal linkers, and clusters. This means that an unlimited number
of 2D CPs can be constructed at will with different and tailorable chemi-
cal structures, physical properties, and application performances. The
noncovalent reversible bonding nature of CPs also enables self-healing
properties, which can enable defect-free crystalline structures."

Considering the existing review articles on the chemistry of 2D
CPs, this perspective article will tightly focus on the manufacturing
aspects as well as novel physical properties to motivate the community
to think more toward the fundamentals, manufacturing, and applica-
tions of these unique material systems. As such, we will refer to exist-
ing reviews in the literature on the chemistry of 2D CPs, but for the
sake of completeness we will briefly introduce existing synthesis tech-
niques available in the literature. The review article is arranged in a
way that starts by giving proper context on synthesis and characteriza-
tion of these materials (Secs. IT and I11) and follows up with a compre-
hensive discussion on how material design (ligand, metal linker,
anchor site) influences the overall properties and application notes
(Sec. IV). Finally, we offer our humble perspective on a number of
manufacturing challenges, potentially exciting directions, and new
application areas in Sec. V. While many researchers in this field have
contributed to the common knowledge of 2D CPs, understandably it
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was virtually impossible to refer to all these great articles. For this, we
offer our sincere apologies in advance.

Il. SYNTHESIS AND MANUFACTURING OF 2D CPS

Preparation methods of 2D CPs have garnered a great deal of
interest in the past decade. In this section, the main synthesis techni-
ques used for both monolayer and stacked sheets of CPs (vdW CPs)
will be introduced and discussed. Here, we note that there are a num-
ber of review articles, such as by Cao et al. and Zhao et al, that provide
greater details of the methods as well as dozens of examples of the syn-
thesized 2D CPs.”” ' Considering these existing reviews, the focus of
this review will be given to those methods that have emerged over the
years as champions in terms of manufacturability and compatibility
with the industry as summarized in Fig. 1.

A. Bottom-up approach

Bottom-up synthesis methods directly synthesize the 2D CP
sheets from metal ions and organic ligands through the self-assembling
nature of the building block units (the bottom up techniques are
summarized in Table I). This approach allows for easier structural
and functional modification, segmented assemblies, and larger lat-
eral dimensions. Common bottom-up synthesis methods utilize
(i) liquid/liquid, (ii) liquid/solid, or (iii) gas/liquid interfaces so the
growth will be physically confined to two dimensions.

1. Liquid/liquid interface

In a liquid-liquid interfacial synthesis, an aqueous solution of the
metal salt is deposited on an organic solution containing the ligand.
Then, the ligands and metal ions undergo coordination reactions at the
interface of the two immiscible solutions, producing a suspended thin
film [Fig. 1(a)]. The film can be extracted onto a substrate or filtered
out. Chen et al. fabricated Ag and Au benzenehexathiol (BHT) 2D CPs
by a liquid-liquid interfacial reaction in an aqueous sodium hydroxide
solution and a co-solvent mixture of acetonitrile and ethyl acetate.'®
Silicon/silicon dioxide substrates were placed into the solution and the
film was deposited as the solvent and was aspirated. The synthesis pro-
duced 276 nm thick Au-BHT films and 324 nm thick Ag-BHT films
with lateral sizes up to 100 ym. This method can produce larger lateral
films than the gas/liquid interfacial methods but tend to have an
increased thickness due to diffusion and mixing at the interface.

2. Gas/liquid interface

In a typical gas/liquid interfacial synthesis, a thin layer of organic
solution containing the ligand is spread onto an aqueous solution con-
taining the metal salt. As the organic solvent is evaporated, the metal
ion and organic ligand are confined to form coordination bonds at the
interface, yielding the 2D CP [Fig. 1(b)]. The 2D film can be picked up
by a substrate in a lift-up method. The Langmuir-Blodgett film tech-
nique is also popular as it allows for the CP thickness and orientation
to be controlled mechanically.'” In this case, the CP sheet(s) can be
prepared by slowly compressing the solvent to form the film [Fig.
1(c)]. The 2D CP is then transferred from the liquid-gas interface onto
a solid substrate. Makiura and Konovalov demonstrated this process
with the reaction between tetra-pyridyl-porphyrin zinc (Zn-TPyP) in
a mixed chloroform-methanol solvent and Cu ions in water within a
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FIG. 1. Schematic illustrations of (a) liquid/liquid interfacial synthesis, (b) and (c) gasfliquid interfacial synthesis,”* (d) liquid phase epitaxy (solid/iquid interface),” (€) CVD synthesis,”* (f)
solvothermal synthesis, and (g) liquid-phase exfoliation.”* Adapted with permission from Sakamoto ef al., Chem. Commun. 53, 5781 (2017). Copyright 2017 Royal Society of Chemistry.

Langmuir trough."” The carefully controlled surface pressure of the
trough produced molecularly thin sheets with domain sizes of approxi-
mately 410 nm. The gas/liquid interfacial synthesis has successtully
formed many monolayer and stacked sheet CPs."” '

3. Solid/liquid interface

A more recent synthetic approach is liquid phase epitaxy, which
involves the solid-liquid interface. Epitaxial growth of 2D CPs requires

TABLE 1. Pros and cons of common bottom-up growth techniques.

flat substrates functionalized by surfactant molecules. The functional-
ized substrate becomes a template for fabricating self-assembled
monolayers (SAMs). This method involves the use of surfactant mole-
cules that can self-adhere as a monolayer onto a metal/metal-oxide
substrate with the free functional groups serving as the nucleation sites
for coordination polymer assembly. An example includes functionaliz-
ing metal substrates with thiol molecules or hydroxyl molecules that
will be used as a nucleation-directing template. Gu et al. offers an
extensive review on various established epitaxial growth techniques of

Methods Pros

Cons

Gas/liquid interface
Liquid/liquid interface
Solid/liquid interface
CVD

Solvothermal

Monolayer thickness
Larger domain sizes

Manufacturing scalable

Thickness and orientation control
Thickness control, high crystallinity

Small domain sizes
Larger thickness
Functionalized to substrate
Small domain sizes, functionalized to substrate
Thickness control is more complex
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2D CPs.”>”’ The most common and flexible method involves the dip-
ping layer by layer method, wherein the SAM undergoes an alternating
sequence of simple immersion processes into solutions containing
either the metal ion or organic ligands.”*”” The self-assembly of the
CPs will occur layer by layer on the functionalized substrate with each
immersion into the solution. Recently, Wang and co-workers devel-
oped a layer-by-layer epitaxial growth protocol to synthesize 2D zinc
tetracarboxylate-porphyrins (TCPP) for solar cell applications.”” The
group started with a fluorine-doped tin oxide substrate (FTO) func-
tionalized with hydroxyl groups. Similar to the process shown in
Fig. 1(d), the aforementioned procedure involved cyclic immersions of
the FTO substrate into a zinc acetate solution, then ethanol, then a por-
phyrin solution, and then ethanol again. The thickness was controlled
from a single layer to 200 nm by controlling the number of immersion
cycles. The FTO with thin film Zn-TCPP was then directly integrated
into a dye sensitized solar cell. Epitaxial growth allows for increased ori-
entation and thickness control, although the material properties will be
affected by the substrate and chemical functionalization.

4. Chemical vapor deposition

CVD has been utilized to synthesize other 2D materials and has
also been adapted to prepare 2D CPs. The CVD process is carried out
under ultrahigh vacuum such that metal precursors and ligand mole-
cules are evaporated toward a metal substrate [e.g., Cu(100), Au(111),
and Ag(111)]."° This is followed by thermal annealing to crystallize
the nanosheets. The parameters that control the thickness and crystal-
linity of the 2D CPs include substrate temperature, evaporation rates
of precursors, and annealing temperature. In 2016, Wurster et al.
synthesized 2D tetra-phenyl-porphyrins (TPyP) with Fe and Co metal
linkers on Au(111) substrates.”” The process involved the sublimation
of the TPyP ligand onto the substrate followed by evaporation of
atomic iron and cobalt using an electron beam evaporator. Scanning
tunneling microscopy (STM) confirmed a uniform monolayer thick-
ness across the substrate. Characterization of the bimetallic sheet on
the Au(111) electrode showed outstanding overpotentials and turn-
over frequencies for water oxidation catalysis. Atomic layer deposition
(ALD) is another vapor-phase growth method that has been tradition-
ally employed for 3D coordination polymer preparation.”” >’ Various
saturated precursor vapors are pulsed to the main reaction chamber
with an inert carrier gas and are deposited onto the hot wafer substrate
inside to kick off interfacial reactions. Given the absence of out-of-
plane interactions in 2D CPs, this method could potentially provide
atomic monolayer-precise growth.

5. Solvothermal growth

A promising synthesis method in terms of manufacturing is
in-solution phase synthesis in which 2D CPs can be self-assembled in a
one pot solution. From this reaction, colloidal suspensions or precipi-
tates of the 2D CPs are produced and can be extracted via centrifugation
or vacuum filtration.”””" One-pot reactions can be performed under a
variety of conditions including solvothermal, hydrothermal, and surfac-
tant assisted methods. Solvothermal reactions involve high temperature
growth of crystals from a nonaqueous solution while hydrothermal pro-
cesses are carried out in an aqueous environment.”” *~ Surfactants and
modulators are typically utilized to control the thickness and number of
layers. These added molecules bind to the surfaces of the growing sheets
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to prevent stacking and reduce the surface energy, confining the mate-
rial into ultrathin sheets. Generally, the supersaturation of surfactants
can result in thinner sheets. However, this procedure often requires sub-
sequent exfoliation of the precipitate after initial synthesis to achieve few
to single layer thicknesses. Exfoliation will be discussed briefly in the
Sec. 11 B. Zhou et al. demonstrated the synthesis of 2D CPs by solvother-
mal methods with coronene and planar iron-bis(dithiolene) as metal
linkers.”® The reaction occurred in a sealed vial with a mixture of
N,N-dimethylformamide (DMF) and water heated to 120 °C for 48 h to
produce micrometer-sized crystals. In a surfactant-assisted experiment,
Cao and co-workers synthesized self-supporting 2D CPs through a
solvothermal reaction.”” The reaction occurred between Zrs and
[HfsO04(OH),(HCO,)s(carboxylate)s] with benzene-1,3,5-tribenzoate
ligands in a mixture of DMF, formic acid, and water at 120 °C. The for-
mate groups from the acid capped the z-directional bonding of the
ligands to encourage planar growth. Varying the concentration of Hf
clusters and formic acid led to the controllable tuning of the nanosheet
thickness from bulk crystals to monolayers. In general, one-pot
solution-phase synthesis is more scalable than interfacial synthesis and
therefore would be the preferred method for commercial manufactur-
ing. However, there are still many challenges in synthesizing highly
crystalline monolayers to ultrathin sheets with large lateral dimensions.

B. Top-down techniques

In contrast to bottom-up techniques, this method starts with bulk
vdW crystalline materials containing 2D stacked layers held together
by weak interlaminar forces. Individual monolayers are isolated by
mechanical exfoliation or by a liquid delamination process. While
micromechanical exfoliation is one of the most popular top-down
approaches for 2D materials, generally liquid phase exfoliation (LPE)
first comes to mind among top-down methods of 2D CPs. LPE
involves ultrasonication to delaminate larger 2D crystals/powders in
solvent and produce a colloidal suspension of the sheets [Fig.
1(e)]."* " LPE can be further manipulated by crystal-solvent chemistry
to control the exfoliation process. In general, the surface energies of the
solvent and sheets should match to encourage exfoliation and stabiliza-
tion of the suspended sheets. An example is the use of water or alcohol
to delaminate 2D CPs held together by interlayer hydrogen bonds."”
Recently, Mukhopadhyay and co-workers exfoliated layered CPs
consisting of 2,2-diphenylbenzopyran ligand backbones with pyridyl/
carboxylate functionalities and Cd/Zn linkers.” The bulk powders
were first synthesized through solvothermal conditions, forming lay-
ered CPs with pores occupied by solvent molecules. Due to the hydro-
philic nature of the carboxylate functionalities, LPE was performed in
ethanolic solutions. The LPE proceeded for 30 min and produced
3-6 nm thick sheets with lateral sizes around 500 nm.

Ill. CHARACTERIZATION

It is necessary to study the crystallinity, structure, molecular
arrangements, and orientation in 2D CPs at nanoscale dimensions to
understand the interrelationship between material properties and syn-
thesis methods. In general, multiple characterization techniques are
required to fully investigate the material properties. We will briefly
introduce several advanced characterization techniques that are used
to probe the structural and electronic information of 2D CPs.
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A. X-ray diffraction

X-ray diffraction is a common method to identify the crystal
structure and periodicity of 2D materials. Powder X-ray diffraction
(PXRD) is typically used for powder and thicker samples, providing
lattice information on the layered structure. However, this method is
not as useful in characterizing thin films and few-layer sheets. Grazing
incidence X-ray diffraction (GIXRD) with synchrotron radiation is
recommended to obtain diffraction of ultrathin materials. This
method uses small incident angles for incoming X-rays to limit
penetration and encourage diffraction at the surface. Huang and
co-workers demonstrated GIXRD characterization on a 60 nm thin
nanosheet to determine the interlayer distance and crystal lattice struc-
ture that matched theoretical predictions.”*

B. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a technique that
probes the chemical composition and bonding environment. This
method analyzes the energy of the photoemitted electron at the sur-
face, making it suitable for 2D CPs with nanoscale thicknesses. For
example, XPS was utilized by Lahiri and co-workers to confirm the
composition of a 2D nickel hexaaminobenzene (HAB) CP.* The scan
confirmed the presence of all the involved elements (C, N, and Ni) as
well as the oxidation state of the Ni in the complex.

REVIEW scitation.org/journallare

C. Atomic force microscopy

Atomic force microscopy (AFM) remains the standard technique
in characterizing the thickness and quantifying the number of atomic
layers of many 2D materials. This method measures the height of the
material on a flat substrate from the intermolecular force between the
probe tip and sample surface. By manipulating the AFM thickness
measurements with the predicted molecular sheet thickness, one can
determine the quantity of sheets in the sample.

D. Scanning tunneling microscopy

Scanning tunneling microscopy (STM) is used to image surfaces
at an atomic scale. This method can probe individual atoms based on
the local density of states on the surface of the sample based on the
principle of quantum tunneling. Kumar and co-workers applied STM
characterization to a 2D CP consisting of dicyanobiphenyl (DCBP)/
dicyanoanthracene (DCA) ligands with cobalt metal linkers grown on
weakly interacting substrates such as graphene.*” Their work showed
clear images of the 2D CP’s honeycomb periodicity (Fig. 2). From the
STM images, the coordination bond lengths and lattice constants were
extracted. The group combined additional scanning tunneling
spectroscopy data with density functional theory (DFT) calculations to
investigate the intrinsic electronic properties and band structure of the
2D CP.

FIG. 2. Overview of two MOFs. (a) An STM overview image of a honeycomb DCBP3Co, MOF on a G/Ir(111) surface. The scale bar is 10 nm. Imaging parameters: 1.23 V and
3.3pA. (b) Constant height frequency-shift, Af, nc-AFM image of DCBP;Co, MOF acquired with a CO-terminated tip. The scale bar is 1 nm. (c) DFT-simulated structure of the
DCBP3Co, MOF on graphene. (d) STM topography image of the DCA;Co, MOF. The scale bar is 1 nm. Imaging parameters: —1V, 15pA. (e) DFT simulated structure of the
DCA;Co, MOF on graphene. Red parallelograms indicate the unit cells. Reproduced with permission from Kumar et al., Nano Letters 18, 5596-5602 (2018). Copyright 2018

American Chemical Society.
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FIG. 3. (a) LAADF-STEM image of the complex defect region. The stacking fault
was observed along the plane and Cl16CuPc molecules with irregular orientation
were identified in the grain boundary along the plane as a line contrast.
(b) Schematic diagram of molecular columns corresponding to (a). The two
domains, A and B, can be seen as gray and black molecules, and molecules along
the XY grain boundary are shown as blue ellipses. Reprinted with permission from
M. Haruta and H. Kurata, “Direct observation of crystal defects in an organic molec-
ular crystals of copper hexachlorophthalocyanine by STEM-EELS,” Sci. Rep. 2, 252
(2002). Copyright 2002 Springer Nature.

E. Transmission electron microscopy

High-resolution transmission electron microscopy (HRTEM) can
provide images of the lattice edges of the metal linker groups. Although
not impossible, the lighter elements of C and N are much more difficult
to visualize through traditional HRTEM methods. Another concern
with electron microscopy is electron irradiation damage to the sample.
A low electron dose and/or cryotechniques are necessary to preserve the
integrity of the material. Haruta and Kurata demonstrated the use of
low angle annular dark-field scanning transmission electron microscopy
(LAADF-STEM) to directly observe defects at atomic resolution of a
copper hexachlorophthalocyanine thin film.*” By utilizing a low electron
dose and optimized detection angles, the technique resolved clear con-
trast of the light elements (C and N) along with the heavy elements (Cl
and Cu). The images provided information on molecular orientation
and identified stacking faults in the grain boundaries (Fig. 3).

IV. DESIGN AND PROPERTIES

The organic ligand, the anchorage sites, and the central metal
linker repeat to form the polymeric structure (Fig. 4). Due to the

o
)]
,I
C
(@5 Ligand
¢~~~ Anchorage
site
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unlimited combinations of organic ligands, metal linkers, and attached
functional groups, 2D CPs can possess a wide range of material prop-
erties. The choice of material, design and structure, and synthetic con-
ditions will have a significant impact on the material’s structure and
properties.’”** Here, we will briefly review the important parameters
when designing 2D CPs and highlight recent trends observed that
prove useful for tailoring specific properties.

The geometry of the coordination bond between metals and
ligands is crucial in determining the material’s final dimensionality and
properties. The most common coordination geometry for 2D planar
CPs is square planar with bidentate anchorage sites of two ligands onto
a metal linker. There have also been a few cases of monodentate coordi-
nation bonds. A sheet can also be designed in a trigonal planar geome-
try with anchorage sites of three ligands. These can produce periodic
arrays of square or honeycomb (hexagonal) lattices.”*"”"” The hexago-
nal lattice is intriguing due to its analogous structure to graphene.
There are also a few reports on materials with the Kagome lattices.”"*
This lattice consists of a hexagonal pattern with equilateral triangles
arranged so each hexagon is surrounded by the triangles and can pro-
vide novel properties due to its unique symmetry.

A. Ligands and control of geometry

There are a wide variety of organic ligands that can be used to
synthesize 2D CPs. Ligands can be chosen for their charge (neutral or
anionic), length and flexibility, donor atoms (O, N, or S), density of
conjugation (7 bonds), and functionality (hydrophilicity, bonding sites,
catalysis, etc.). The backbones for 2D CPs are aromatic compounds
due to their high stability and conjugation with attached functional
groups that form the coordination link. The high density of electrons
and pi-bonds can provide unique electronic and optical properties.
Their constricted rotational nature also serves to restrict out of plane
growth. For example, phthalocyanine-,””* " porphyrin-,"****" %
and benzene-derived”""*** "' ligands are prime examples of short
ligands with a high density of conjugated bonds that allow for efficient
metal interaction pathways and 7-d conjugation. Much research is
being conducted on these base materials for their potential catalytic,
optoelectronic, and magnetic properties. Functional groups of pseudo-
halides, which are short bridging ligands such as cyanides, azides, and
nitrile donors, can provide predictable binding modes that prevent out
of plane rotation while their short bridges provide excellent magnetic/
electronic exchange.”' The carboxylic acid ligands produce very strong
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FIG. 4. Schematic diagram of 2D CP building blocks.
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FIG. 5. Schematic illustration of (a) a metal atom, ion/cluster, organic ligand molecules with three-, four-, sixfold symmetry, (b) metal atoms/ions/clusters with three- and fourfold
coordination symmetry and a linear bridging ligand.” Reproduced with permission from Sakamoto et al., Chem. Commun. 53, 5781 (2017). Copyright 2017, Royal Society of

Chemistry.
bonds and can be incorporated into coordination polymers easily due The ligands and metal ions are chosen to encourage planar
to their ability to bind in a monodentate or bidentate fashion. Other geometry combinations, as shown in Fig. 5. These ligands will be
common organic functionalities include pyridyls, azoles, and thiols. selected to form 2, 3, or 4 coordination sites to the metal linker. For
More complicated ligands (e.g., those with multiple organic anchorage example, benzene is a conjugated six carbon ring that can hold up to
groups) can be used to create mixed organic ligands to utilize multiple/ six functional groups. An illustration of hexaaminobenzene (HAB) is
mixed properties of more than one bridging ligand. shown in Fig. 6(a). Due to the steric proximity, the amines will form
(@ (®
NH,
H,N NH,
H,N NH,
NH,
FIG. 6. lllustration of (a) HAB, (b) TPyP, (c) PTC, and (d) bpy.
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bidentate anchorages to a metal linker to realize a total of three coordi-
nation sites. This results in the hexagonal lattice of the threefold sym-
metry shown in Fig. 5(a)."” Tetra-pyridyl-porphyrin (TPyP) contains
four possible coordination sites in the outer pyridyl groups [Fig. 6(b)].
This ligand coordinates with a metal linker to form a square planar lat-
tice, similar to the fourfold symmetry geometry of Fig. 5(2).” 1,2, 3,4,
5,6,7,8,9, 10, 11, 12-perthiolated coronene (PTC) with 12 thiol func-
tional groups is displayed in Fig. 6(c). Due to steric hindrance, the two
sulfurs on each side of the benzenes will form a bidentate bond with a
metal linker. This will result in six coordination sites to form the six-
fold symmetry with hexagonal periodicity of Fig. 5(a).”° Bipyridine
(bpy) in Fig. 6(d) has two coordination sites possible. It will most likely
form the fourfold coordination symmetry, resulting in a square planar
structure.”*

1. Relation to separation properties

In separation applications, the 2D membranes are typically multi-
layered and porous, allowing them to achieve separation through either
size selectivity (controlled by the pore size and geometry) or chemical
absorption (controlled by chemical functional groups). The pore config-
uration and pore size need to be considered to increase the number of
active sites and to control molecular separation. Short bridging ligands
are a good way to restrict pore sizes, although longer ligands can create
smaller pores with increasing interpenetration of 2D polymer sheets.
Interpenetration involves the folding of the 2D sheets into each other
instead of lying within its own plane. Increasing interpenetration conse-
quently will decrease the pore sizes. Flexible ligands are also more
likely to produce interpenetrated sheets than rigid ligands since they con-
tain more rotational freedom. Hijikata et al. synthesized four 2D CPs
with varying dinitrogen linkers; 1,4-diazabicyclo[2,2,2]octane (dabco),
1,4-bis(4-pyridyl)benzene (bpb), 3,6-bis(4-pyridyl)-1,2,4,5-tetrazine
(bpt), and 4,4'-bipyridyl (bpy) with 7Zn*" metal centers.”” Density
functional theory calculations showed that the length of the organic
ligands dominated the stacked assembled structures and flexibility.
The shorter ligands (dabco, bpb, and bpt) lacked any interpenetration,
while the longest ligand (bpy) showed interpenetrated sheets.
Consequently, the shortest ligand (dabco) had the smaller pore size of
the first 3 ligands but the longest bpy ligand was measured to have
the smallest pore size due to its interpenetrated structure.

The effectiveness of chemical and gas adsorption can be selec-
tively tuned by incorporating specific functional groups into the
organic ligands. The free functional groups that are not used in the
coordination bonds can capture targeted molecules through either
physisorption or chemisorption. Yan et al. synthesized layered 2D CPs
with 5-aminotetrazole and Zn®" for CO, capture applications.
Aminotetrazole’s coordination chemistry involves the nucleophilic
nitrogen atoms in the ring, leaving a free amine group. This ligand was
chosen because the free amino groups are excellent for binding with
CO, molecules and structure can accept a variety of polar guest mole-
cules into its structure for additional functionality. Results showed
high CO, uptakes at 1bar and 273K, with a maximum uptake of
2.4 mmol/g. In the same paper, they were able to attach a dicarboxylate
functional group to the amine, which further enhanced CO, adsorp-
tion to 2.9 mmol/g and improved selectivity of CO, over CH, and N,
(Fig. 7). Xu et al. compiled a short summary of gas separation per-
formances regarding CO, adsorption, which revealed a majority of
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FIG. 7. Synthesis schematic of 5-aminotetrazole and Zn** for CO, applications.”®
Reproduced with permission from ChemPlusChem 78, 86 (2013). Copyright 2013
John Wiley and Sons.

previously published 2D CPs containing dicarboxylate functionali-
ties.”” Carboxylate ligands have also proven successful in improving
water filtration performance. The coordination polymer membranes
were incorporated into the polyamide (PA) active layer, which caused
a higher water permeability, lower salt solute flux, and increased lon-
gevity.”” The increased hydrophilicity of carboxylates enabled a thin
film of water to reduce fouling. Dai et al. synthesized copper benzene-
dicarboxylate (BDC) nanosheets and incorporated them into the PA
active layer for forward osmosis applications.”’ The composite mem-
brane demonstrated a 50% increase in water flux, 50% decrease in
reverse solute flux, and a slower flux decline than the control PA layer.
The increased antifouling behavior can be attributed to dicarboxylate’s
hydrophilicity and copper’s biocidal ability.

B. Metal linker design

The most common metals used in 2D CPs are transition metals
(TMs) with their unique d-block shells, including Mn, Fe, Co, Ni, Cu,
Zn, Pd, Ag, Cd, and Mg.’—" Generally, the first row of transition metals
(TMs) is preferred for their cost, abundance, and chemical predictabil-
ity in producing metal-organic planar complexes. The oxidation states
for these ions are typically 2+. Divalent metal ions usually form 4 or 6
coordinate metal centers whereas the trivalent metal ions, like In*",
thermodynamically prefer to form 6 or § coordinate metal centers.”’
F-block lanthanide metal ions exhibit much higher coordination num-
bers and predominantly form 3D structures, although some nano-
sheets have been reported. S-block metals have a strong ionic
tendency, which makes it difficult to predict the 2D CP structure and
properties. Although a few 2D coordination polymers have been syn-
thesized with these more complex metal groups, their design and
properties will not be discussed in detail here.

1. Relation to catalysis

Considering their single atom status embedded into a 2D organic
matrix, their potential applications are primarily related to single atom
catalysis and water splitting/H, generation applications. These cata-
lytic materials typically require porous structures with unsaturated
metal atoms or semiconductive metal oxides.”” Due to the planar
structure of 2D CPs, the metal center is more likely to have exposed
catalytic sites than their bulk counterparts. The advantages of
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coordination polymer catalysts include improved catalyst recovery,
enhanced stability, increased number of active sites, electrical conduc-
tivity, and shape selectivity. The applications of catalytic CPs vary
widely. Many researchers have focused on CO, capture and conver-
sion,””**" degradation of organic dyes,”*” reduction of nitrophe-
nol,”"*" Cr(IV) reduction,” and biological enzymatic applications.”**

For heterogeneous catalytic processes, the unsaturated metal
atoms can be integrated as the metal linker between organic groups,
serving as both a structural component and an active site. Unlike 3D
coordination polymers, the 2D coordination of the square planar or
trigonal planar geometry allows space for reactants to adsorb onto the
metal and initiate catalysis. Jia et al. investigated the water oxidation
catalysis efficiency of 2D CPs made from Ni and phthalocyanine.”
The thin film deposited onto FTO demonstrated efficient catalytic
activity with a mass activity of 883.3 A g~ ' and an onset voltage poten-
tial of 0.25V, representing one of the highest oxygen evolution reac-
tion catalytic activities among molecular catalysts. The strong activity
is due to the material’s high intrinsic metallic conductivity, which
enabled fast electron transfer during electrochemical reactions as well
as a high specific surface area.

Unsaturated metal atoms can be incorporated through guest-
host interactions. In this method, the catalytic metals will be dispersed
onto layered coordination polymer supports. The metal will be depos-
ited into the pores of the stacked 2D CP as tiny nanoparticles. The
metal nanoparticles can be selected for their intended reaction within
the suitable framework. In one study conducted by Yan et al, Au
nanoparticles nucleated on the surface and between the stacked layers
of a mixed-ligand layered Ni CP, which were then used to catalyze
aqueous reduction reactions of nitrophenol.”” The experiment showed
that the pore size of the nanosheets dominated the conversion rate of
the nitrophenol molecules. The decreased pore size and, in turn,
reduced Au nanoparticle radius resulted in a higher surface area to
volume ratio and increased catalytic activity. Zhang et al. synthesized
2D zirconium-BDC (BDC: benzenedicarboxylate) CPs with Ru nano-
particles supported on the nanosheets.”” The Ru nanoparticles within
the nanosheets realized high efficiency in the hydrogenation of levu-
linic acid to y-valerolactone.

Photocatalysis involves the irradiation of light onto a semicon-
ductor to create electron-hole pairs that can react with surface-
adsorbed reactants. Efficient photocatalysis requires materials with
strong light absorption, sufficient redox potential, fast charge separa-
tion, and a high carrier mobility.”” Sakamoto et al. reported a study
showing the difference in catalytic activity between two CP isomers,
which were obtained by using two different synthesis solvents.”” The
bandgap of each isomer was determined to be 1.65e¢V and 2.24eV.
Their photocatalytic activity for the degradation of organic dyes was
then studied, and the CP structure with a lower bandgap exhibited
greater photocatalytic degradation. To demonstrate the effectiveness of
2D photocatalytic materials, He et al. synthesized 2D CP nanosheets
of ZrCl, and Ni-tetrakis(4-carboxyphenyl)-porphyrin.”® Porphyrin
compounds were selected due to their known efficiency in light har-
vesting for O, generation. The comparison of the stacked sheets to the
bulk counterparts showed superior photocatalytic oxidation of 1,5-
dihydroxynaphthalene (1,5-DHN) to synthesize juglone. The bandgap,
charge mobility, and pore design will impact the efficiency of the pho-
tocatalytic material. The design of the crystalline bandgap and charge
mobility will be further discussed in Sec. IV C.

scitation.org/journal/are

C. Conjugated ligand-linker

The semiconducting properties of coordination polymers are the
result of the hybrid crystalline structures consisting of insulating inor-
ganic ligands and conducting metal linkers. Depending on the struc-
ture and components, the HOMO (highest occupied molecular
orbital) and LUMO (lowest unoccupied molecular orbital) can exclu-
sively originate from the ligand itself or from the metal-ligand interac-
tion.”’ Depending on the material size, the HOMO and LUMO can be
referenced as the valence and conduction band, respectively. The dif-
ference between the two bands is called the bandgap. The type and
strength of the metal-ligand interaction can drastically alter the coordi-
nation polymer’s electronic states, the band structure, and electronic
characteristics.”*

1. Relation to electronic properties

The design trend for 2D CPs based on dozens of reported litera-
ture results is shown in Fig. 8. In summary, for a given organic ligand,
the electronic bandgap will generally increase as the metal linker is
substituted in the following order: Cu, Ni, Mn, Co, Fe, Mg, Zn, and
Cd. Less electronegative atoms of the ligand anchorage site between
the metal and organic ligand will result in a larger band dispersion and
a decreased bandgap. Layered materials will have a larger bandgap
than defect-free 3D bulk materials. Similar to bulk materials, an
increase in the density of conjugated bonds and number of aromatic
rings of the organic ligands will narrow the CP’s bandgap. The
bandgap was also observed to generally decrease as the planar struc-
ture transitions from hexagonal to square to the Kagome lattice.

Electrical conductivity in a coordination polymer is dictated by
the electronic structure, density of states, and the electronic mobility of
free carriers. The behavior of free holes and electrons is generally dic-
tated by the metal jon. Aromatic compounds are primarily used as the
polymer backbone for their highest density of conjugation and reso-
nance that allows for pi-bond charge hopping. Interestingly, a majority
of recently reported materials regarding electrical conductivity in 2D
CPs reveals stacked honeycomb, square planar, or Kagome lattices.
These lattices consisted of conjugated aromatic-derived ligands such
as benzene or triphenylene with ortho-disubstituted N, O, or S donor
atoms coordinated with first row transition metals such as Cr, Mn, Fe,
Co, Ni, and Cu. In a computational study, Tiana et al. determined that
the less electronegative species of the group O, S, and N, linking atoms
generally decreased the bandgap and increased the band dispersions of
1D polymer chains.”” The weaker electronegativities of S compared to
N and O equate to more electronic orbital overlap and improved elec-
tron delocalization. Replacing the linking functional groups in copper
and hexa-(hydroxy to amino to thiol)-benzene decreased the bandgap.

Single layer sheets possess unique electronic properties when
compared to stacked, multilayered sheets. Bulk 2D CPs experience
interlayer van der Waals or pi-pi interactions that can significantly
alter the electronic properties from the monolayer polymer. A trend
has been observed in 2D CPs, going from a single layer to a few layers
and to bulk, that the conductivity and metallic behavior increase, in
the absence of defects. Chen et al. predicted, using DFT calculations,
that a single Ni;(HITP), sheet is a semiconductor with a narrow
bandgap while the multilayered calculations showed a metallic band
structure.” In another study, Clough and co-workers demonstrated
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decreasing resistivity as the film thickness increased from 10nm to
50 nm for 2D Co hexahydroxytriphenylene.”’

Transition metals can be varied to tune the electronic properties
of 2D CPs. The band structure will heavily depend on the interaction
between the organic ligand’s p-orbitals and the transition metal’s outer
electrons, particularly the d-orbitals. Density functional theory calcula-
tions have been a useful method to investigate the band structure of
2D CPs. Sun et al. provided an experimental and computational study
on coordination polymers and the tuning of the bandgap through
varying the metal linker.”" They found that the electrical conductivity
generally increased, and the bandgap decreased from high spin Fe**,
Cu?", Ni2™ Mn?", and Co*" compared to 7Zn**, Cd*", and Mg”.
The Fe** linker had the highest conductivity for all CPs. However, it
was observed that low-spin Fe* complexes resulted in a much larger
bandgap, only slightly better than Mg>*. From DFT calculations of the
band structure, closed shelled ions like Zn>" and Cd*" showed no
contribution to the ligand bandgap. Open-shell ions participated in
both the valence and conduction bands: The more electronegative
ions, like Cu”*, lowered the conduction band and the more electron
positive ions, like high spin Fe*", raised the valence band, effectively
lowering the bandgap. It is possible that utilizing transition metal ions
with higher energy valence electrons such as high spin Cu®* and Fe*"
ions will result in a lower bandgap.

Tang et al. systematically studied the band structure and elec-
tronic properties of M-BHT (BHT = benzenehexathiol; M = Mg, Ca,
Zn, Cd, Ge, and Sn) using DFT calculations; the band gaps and the
electron and hole masses were calculated and are shown in Table 11.””
The p-d coupling between the metal and S-C bands significantly

delocalize the wave function of the band edge states and reduce the
effective mass. As the p-d coupling increases from group IIA, IVA to
IIB metals, the hole effective masses decrease significantly. As the wave
characteristics of the conduction band minimum states change from
the s orbitals (IIB) to hybrid pi states (ITA) and p states (IVA), their
wave functions are more localized and electronic effective mass
increases. Zn;S¢Cy and Cd;S¢Cs show promise as 2D semiconductors
with excellent electronic and hole transport properties.

Due to the natural porosity of larger multilayer CPs, guest mole-
cules can be introduced into their pores that can induce new electronic
pathways and interactions. In one case, these guest molecules can act
as bridges between secondary building units to induce through-bond
transport. For example, 7,7,8,8-tetracyanoquinodimethane (TCNQ)
molecules are highly conjugated and redox-active molecules that can
be introduced into 2D CP frameworks as guest molecules. Nie and

TABLE II. The bandgap and hole and electron effective masses mx calculated by
the Heyd-Scuseria-Ermzerhof hybrid functional of M-BHT.”

Appl. Phys. Rev. 6, 041311 (2019); doi: 10.1063/1.5110895
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Metal Eg (eV) Hole m* Electron m”
Mg 3.25 2.389 0.363
Ca 2.50 2.560 0.390
Zn 2.12 0.269 0.237
Cd 1.75 0.268 0.223
Ge 1.73 0.731 1.004
Sn 1.80 0.895 1.047
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co-workers identified over 100 experimentally known CPs and utilized
DFT calculations to provide structural information.” They condensed
this into a recommendation of ten promising electrically conductive
materials that can strongly coordinate with TCNQ through dimeric
Cu paddlewheels to create 2D conducting chains. Utilizing the recom-
mendations as a guide, Sengupta et al. improved the conductivity
of Cus(BTC), CP by the incorporation of TCNQ guest molecules,
resulting in an improvement in conductivity from 107 S/cm to
0.07 S/cm.”” DFT calculations suggest that the molecules formed new
delocalized charge transport pathways by binding to two open Cu sites
of the CP.

Following the design principles described above, numerous elec-
trically conductive 2D CPs have also been designed and synthesized.
Large m-conjugated organic linkers were typically used to enable high
electrical conductivity. In 2015, Campbell ef al. showed that drop cast
Cu3(HITP), pellets could have a bulk conductivity of 0.2 S/em™ .
With a similar organic linker, the same group demonstrated
Cus(HITP), sheets with 0.002 S/cm ™" conductivity and with Ni as the
metal center, Niz(HITP), pellets achieved 2 S/em ™! conductivity.
Melot et al. later revealed temperature-induced semiconducting to
metallic phase transition in Co-BHT 2D CPs. The transition tempera-
ture was proven to be highly dependent on the presence of guest mole-
cules, film thickness, and defect densities.”” Large tunability of
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electrical conductivity provided by ligand/metal engineering enables
their potential use as supercapacitors, field effect transistors, chemire-
sistors, electrocatalysts, and many more electronic applications.

2. Relation to optical properties

The overall consensus in the field is that there are two main
causes for light emission from these layered materials. The first is
emission arising from the individual building blocks of 2D polymers,
and the second resulting from the electronic band structure of the
entire vdW crystal lattice.

Overall, “ligand-based photoluminescence” is the most common
mechanism; the extended conjugation of ligand molecules (aromatic
compounds) helps to lower the molecular energy gaps into the visible
range. A secondary type of emission occurs when guest species present
in the pores of the layered framework serve as the luminescence center.
“Metal-centered emissions” in CPs are almost exclusively from the highly
luminescent lanthanide group ions (La*", Ev®").” Lanthanide ions can
produce emissions covering the entire UV to near infrared spectrum.
The emission originates from their unique f-f electronic transitions. Due
to the shielding from the closed 5s/p orbitals, they are generally unaf-
fected by the ligand chemistry and produce sharp and characteristic
emission peaks. As shown in , there can be interactions between the
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FIG. 9. Demonstration of the photoluminescence processes most commonly occurring in luminescent metal-organic frameworks and luminescent coordination polymers. The
inner circle shows the excitation stage, with purple highlighting indicating the absorptive species. The outer circle shows the emission stage of photoluminescence, with yellow
highlighting indicating the emissive species. Purple arrows indicate charge transfer or energy transfer processes between the absorber and emitter.™ Reprinted with permission
from W. P. Lustig and J. Li, “Luminescent metal-organic frameworks and coordination polymers as alternative phosphors for energy efficient lighting devices,” Coord. Chem.

Rev. 373, 116-147 (2018). Copyright 2018 Elsevier.
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guest molecule, organic ligand, and metal center that cause a multitude
of charge transfers that will affect the emission.”

Chaudhari et al. synthesized optochemically responsive 2D CPs
by harnessing host-guest interactions of functional sheets for the
detection of organic compounds and small molecules.”” The organic
linker, 1,4-benzenedicarboxylic acid (BDC), reacted with divalent
7Zn*" to form a white fibrous 2D CP. Figure 10(a) shows the lumines-
cence spectra of 8 different solvent guest interactions. Four different
solutions of N,N-dimethylformamide (DMF) solvent carrying zinc
bis(8-hydroxyquinoline), anthracene, Al-(tris-8-hydroxyquinoline),
and fluorescein demonstrate the importance of guest-host interaction
in the luminescence behavior [Fig. 10(c)].

Zhang et al. synthesized a novel series of 2D isostructural
[CACI(L)Eu, Tby(H,0)(DMA)](NOs)-3DMA] CPs where x and y are
varied to create 5 novel structures.'”’ Luminescence measurements
indicate that the CPs exhibited characteristic sharp emission bands
corresponding to the d-f transitions of the Eu(IIT) and Tb(III) lantha-
nide ions. The intensities of red and green light were modulated by
tuning the molar ratios of each lanthanide component. Furthermore,
it was shown that adsorption of the small molecule nitrobenzene intro-
duced significant fluorescence quenching.

3. Relation to magnetic properties

Magnetic ordering in 2D CPs is a relatively newly discovered phe-
nomenon and it has been shown to be possible through the anisotropic
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Ising model. For example, the highest Curie temperature that has been
demonstrated is 50 K.”*'"""'%* 2D CPs with higher temperature ferro-
magnetic behavior from reported theoretical studies commonly used
short aromatic groups such as phthalocyanine and HAB. Generally,
short organic bridges are preferred to achieve strong magnetic coupling
between metal spin centers so that super-exchange interaction can be
enhanced. The nitrogen functional groups are also preferred over sul-
fur and oxygen groups due to their more effective p-d exchange inter-
actions. Manganese metal linkers are the most frequently studied
because of their special electronic configuration of 3d°4s”. The use of
mixed metal-organic ligands can also increase magnetic communica-
tion between metal centers.'"”

From DFT calculations, Li and co-workers predicted ferromag-
netic coupling between a metal-organic cluster and organic ligand
[M-octaaminophthalocyanine (OAPc) and bisphenylenediimine (Pc)
linked by Ni*" ions to form square planar sheets, where M = Cr, Mn,
Fe, Co, Ni, Cu, and Zn].”’ They determined that the magnetic
exchange energy of Mn was 183 eV, compared to negative values for
the other metals. This 2D CP compound was calculated to have a Tc
of 170 K for the monolayer via a Monte Carlo simulation that included
the effects of magnetic anisotropy of interplanar van der Waals stack-
ing. The strong magnetic coupling resulted from the strong hybridiza-
tion between pi-symmetry orbitals of Mn and the Pc ring with the
square planar Ni linkages to introduce pi electron delocalization. A
possible explanation for the magnetic coupling can be from an indirect
exchange interaction between the delocalized pi electrons and the

FIG. 10. Tunable optochemical behavior of zinc nanosheets. (a) Distinct modulations in emission properties of dispersions of functionalized nanosheets in a range of small-
molecule solvents each comprising 5 mg of active material in a 15 ml solvent. (b) A family of host-guest materials synthesized by the one-pot supramolecular method, confining
different (c) light emitting guest molecules: 1: anthracene, 2: ZnQ, 3: AlQ [Al-(tris-8-hydroxyquinoline)], and 4: fluorescein. Color scheme: zinc in yellow, aluminum in pink, nitro-
gen in blue, oxygen in red, carbon in gray, and hydrogen in white.” Reproduced with permission from Adv. Mater. 29, 1701463 (2017). Copyright 2017 John Wiley and Sons.
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localized metal center. In another study with the OAPc ligand, Zhou
and Sun presented a computational comparison on monolayer sheets
with transition metals from Cr, Fe, Co, Cu, Ni, Zn, and Mn.'”” Once
again, only the Mn-OAPc displayed metallic d,, and dy, orbitals that
hybridized with the p electrons of the OAPc, mediating the long-range
ferromagnetic coupling with a predicted Curie temperature of 150 K.
The other transition metals resulted in antiferromagnetic and non-
magnetic behaviors.

Liu and Sun reported a DFT study on high temperature ferro-
magnetism with a Mn-HAB 2D CP.'” The study compared the HAB
ligand’s magnetic behavior with that of BHT in manganese coordina-
tion polymers. The group suggested that the reduced lattice constant
and improved p-d delocalization of nitrogen compared with sulfur
resulted in enhanced magnetic coupling. With first principles calcula-
tions and Monte Carlo simulations based on the Ising model, the study
estimated Mn-HAB’s Tc at 450K, the highest theoretically reported
Curie temperature for 2D CPs. Further experimental research of
OAPc and HAB ligands with manganese metal linkers is needed to
realize high temperature 2D ferromagnetic coordination polymers.

4. Relation to FETs

The easy solution processability and wide tunability of electrical
properties through metal ion/organic ligand engineering and the rela-
tively low densities of CPs make them favorable for future electronic
devices. The emergence of conductive 2D CPs initiated studies of
field-effect transistors (FETs) with the polymeric nanosheets as active
materials. Wu et al. first demonstrated microporous FET devices
assembled with Niz(HITP), as the active channel.'”” Current-voltage
measurements showed excellent Ohmic contact between Au electrodes
and the Niz(HITP), channel. These results suggest effective modula-
tion of carrier concentration with the gate source voltage. In addition,
the transfer curve indicated p-type behavior, showing that the majority
of carriers in Ni;(HITP), CPs are positively charged holes. The mea-
sured on/off ratio is in the range of 10°, and the calculated hole mobil-
ity achieved was 48.6cm” V™' 5™, which is comparable with some of
the highest recorded values for inorganic oxide semiconductors.
Huang et al. prepared Cu-BHT thin films via a liquid-liquid interface
reaction and probed the electrical behavior incorporated into FET
devices. An ambipolar behavior was observed and 99cm* V' s~
electron mobility and 116 cm® V' s~ ! hole mobility were achieved,
proving balanced ambipolar charge transport properties.” The on-off
ratio for the Cu-BHT thin films was just 10; however, this ratio could
be further improved by morphology manipulation or band structure
engineering of the CPs.

5. Relation to photovoltaics

Because of their Frenkel exciton behavior and small exciton bind-
ing energy, 2D CPs are regarded as potential all organic flexible photo-
voltaic materials. These materials could be potentially incorporated
into solar cells as electron extraction layers (EELSs), counter electrodes,
and electron donors for organic solar cells due to their tunable elec-
tronic conductivity and behavior. Recently, work by Xing et al. man-
aged to synthesize a 2D tellurophene-based coordination polymer with
polyethyleneimine ethoxylate branches as an electron extraction layer
(EEL) for inverted organic solar cells. The integrated EELs significantly
increased the power conversion efficiency from 9.05% to 10.39%.""
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Another group, Wang et al., developed stacked Zinc-porphyrin sheets
as counter electrodes for dye-sensitized solar cells.”” The power conver-
sion efficiency was found to be 5.63%, comparable to that of platinum
counter electrodes at 6.72%. Significant development is still necessary
to improve the efficiency of organic solar cells and 2D CPs with their
unique electronic properties and cheap costs can pave the way.

D. Heterostructure and related properties

Inheriting the vdW nature from traditional 2D materials, hetero-
structures of 2D polymers have been realized wherein not only one
component can borrow the properties of another, but the electronic
interactions between layers provide possibilities in electronic and
band structure engineering. These advantages will pave new ways for
material design in the application of electronic devices, sensors, and
catalysis driven by electrons or photons, wherein a tunable bandgap,
effective electron/mass transfer, and desired sorption kinetics are
required. In general, heterostructures of 2D CPs can be achieved
through direct growth onto target substrates, via the solvothermal
method, or vapor deposition methods.

A report on an iron phthalocyanine (FePc)/graphene hetero-
structure used for electrocatalysis demonstrated this strategy clearly.'’”
Single catalytic site-Fe was anchored on a 2D covalent network, which
was mixed into a graphene matrix. The resulting catalyst system
showed exceptional current density in oxygen reduction catalysis (four
times higher than that of the benchmark Pt/C), superior power
density, and cycling stability in Zn-air batteries compared with Pt/C as
air electrodes. The material provided excellent catalytic activity from
the iron 2D covalent organic framework material and favorable elec-
tronic conductivity due to the graphene matrix.

Additional synergistic effects at the interface can also boost the
overall catalytic performance. For instance, 2D NiBDC/Ni(OH),
hybrid nanosheets were formed via the hydrothermal method wherein
2D MOF layers-NiBDC were crystallized onto prepared Ni(OH),
nanosheets.'”” After coupling, the electronic structure of Ni atoms in
the Ni(OH), component is significantly modified, leading to the gener-
ation of Ni cations with higher oxidation states, which are desirable for
the oxygen reduction. The as-prepared NiBDC/Ni(OH), heterostruc-
tures exhibited high activity, favorable kinetics, and strong durability
during the catalysis. In another example, a 2D Co-CP/graphene oxide
(GO) heterostructure was synthesized via solvothermal synthesis of
exfoliated graphene oxide flakes in a cobalt organic solution. The
hybrid membrane displayed superior sorption efficiency of toxic Cs™
ions. It was suggested that the synergistic effects were due to the electro-
static interaction from intrinsically negative GO and positive Co-CP.

Although still in its early stages, 2D heterostructures grown on
2D vDW substrates can lead to interesting interacting properties.
Recently, Kumar and co-workers were able to successfully grow 2D Co
CPs directly on a graphene substrate via molecular beam epitaxy. '
With DFT calculations and STM measurements, the group were able
to study the decoupled band structure of the 2D CP. The possibility of
incorporating heavier transition metals, which possess higher spin-or-
bit coupling, could lead to exotic quantum properties.

V. MATERIAL STABILITY

It is well known that coordination polymer structures, in general,
are mechanically, thermally, and chemically less stable than their
covalent polymeric counterparts.”'* The coordination bonds are
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weaker, making them more susceptible to decomposition in aqueous
and organic solutions and heat. The stability of 2D CPs can be
improved by multiple factors including the choice of metal ions,
organic ligands, operating environment, coordination geometry, and
hydrophobicity.'””

Coordination bonds require robust and thermodynamically sta-
ble bonds. Referencing to the Hard Acid Soft Base (HASB) theory can
help design more thermodynamically stable coordination bonds. The
HASB theory states that hard acids form stronger ionic bonds with
hard bases while soft acids will form stronger covalent bonds with soft
bases. Soft/borderline acids are transition metals with lower oxidation
states and larger ionic radii such as Zn>*, P£*", PA*", Cu*", Ni**,
Mn**, Co**, Cd**, and Fe*" ions. In theory, these softer acids will
form stable bonds with soft/borderline bases such as the soft azolates,
aromatic/phenyl ligands, thiolates, amines, and cyanates.'”***"*!!!
However, there also have been cases of the softer acids linking with
carboxylate ligands.”””*"'*""* Hard acids are high valent metal ions
including Ti**, Zr**, APT, Fe’*, Cr’*, and Ln®" ions. These hard
metal ions should form strong bonds with the stronger bases, primar-
ily carboxylate-based ligands.””""*

Water stability is an important aspect of 2D CPs, specifically for
their use in water separation and bioorganic applications. The effect of
the moisture in air has also been problematic in synthesizing stable 2D
CPs under ambient conditions. The air and water stability can be
improved by incorporating hydrophobic functional groups into the 2D
CP to obstruct the water from intrusion into the structure and attack-
ing the metal center.''® The metal linker should be connected to func-
tional groups surrounded by phenyl or methyl-based ligands to provide
steric and hydrophobic hindrance to water molecules.”””*%*!!>!11711¢
An example is shown in Figs. 11(a) and 1 1(b)./*115

VI. PERSPECTIVES
A. Fundamental insights into defect engineering

Defects have been known to pose a great influence on electrical,
optical, magnetic, chemical, and mechanical properties of materials.

REVIEW scitation.org/journal/are

Despite some efforts reported in defect engineering in 3D CPs, a more
comprehensive study is required for understanding the formation
mechanism and types of defects in 2D CPs. This is mainly due to a
limitation in the characterization tools, which are not usually geared
toward handling atomically thin, delicate organic materials for defect
characterization. Standard defect characterization techniques used for
inorganic materials, including HRTEM, SIMS, and STM, often fail to
access such information.

Regardless, the researchers independently working on 2D CP
synthesis and material characterization must forge new interdisciplin-
ary collaborations to interconnect 2D CP synthesis, atomic structure,
and performance. These efforts will create new structure-property-per-
formance relationships that could revolutionize the field of 2D CPs.
To exploit the properties brought about by various defects, fast, accu-
rate, and cost-effective defect characterization methods are needed.
Synthesis methods must involve in situ and ex situ processes to control
the types and concentration of defects. In particular, 0D point defects
and 1D grain boundaries are likely to play a crucial role in dictating
the overall properties of 2D CPs. First, the effects of these imperfec-
tions on the optical and electronic properties must be well understood
and those promising ones must be introduced on demand with spatio-
temporal control.""”

1. Manufacturing challenges

From the manufacturing perspective, we foresee that more con-
trolled growth processes are crucial to eliminate or limit the number of
defects for the application of these material systems. More studies will
be needed to answer the question of the typical density of imperfec-
tions in existing 2D CPs. This first requires a fundamental understand-
ing of the growth thermodynamics and kinetics, which can then be
harnessed to produce materials with ultimate crystalline perfection.

Another manufacturing challenge will be thickness control.
Current state of the art methods have enabled researchers to achieve
large scale 2D CP materials. But in these larger material systems, rarely
was the thickness controlled. Considering how 2D layered materials

FIG. 11. (a) Schematic representation of
the 2D network by Ning et al.""® Reprinted
with permission Ning et al, “A 2D
water-stable metal-organic framework for
fluorescent detection of nitroaromatics,”
Polyhedron 155,  457-463  (2018).
Copyright 2018 Elsevier. (b) Schematic
representation of unit cell by Xu et al. The
C, O, S, F, and Cu atoms are gray, red, yel-
low, green, and teal, respectively. Reprinted
and adapted with permission from Xu et al.,
J. Am. Chem. Soc. 139, 8312 (2017).
Copyright 2017 American Chemical Society.
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behave differently compared with their bulk counterparts, it is essential
to achieve control over the thickness in the manufacturing process.
While this is a relatively easy task for inorganic 2D materials through
well-controlled chemical vapor deposition or molecular beam epitaxy
techniques, etc., polymeric materials require solution processing in
which far fewer techniques are available to produce monolayer films
on a large scale. It is also expected that completely new growth techni-
ques will emerge to deposit these 2D CP materials, especially as syn-
thesis and material characterization efforts begin to coalesce. One
potential exciting route is the in situ MBE process wherein organic
flux is injected at selected rates under ultrahigh vacuum conditions to
enable self-assembly of coordination structures on the surface.

2. Informed ligand and linker engineering

While theoretical calculations have overviewed the general
trends, such as those of band gaps and conductivities of these materi-
als, experimental investigations are mostly limited to electrical proper-
ties of the material. It will be important to see how the electronic
bandgap, optical bandgap, exciton binding energy, thermal conductiv-
ity, and fundamental optical behavior (reflection, transmission,
absorption) change through metal and organic linker designs. There
are many fundamental questions that are awaiting to be answered:
How does the metal linker influence the electronic and optical
bandgap of the material? How does the ligand overall influence the
optical properties of these systems? What is the exciton binding
energy? How do these properties change for different thickness values?
More comprehensive and computational studies are needed to provide
further insights into their optical and excitonic properties. Only after
completion of these studies can we further understand the future
applications related to these material systems.

B. Future horizons

As mentioned earlier, the fundamental properties of these 2D
polymeric materials are not well known; thus, the field of optics and
electronics is still at its seminal stages. With that in mind, there are a
number of attributes related to the crystallinity or type of metal linkers
involved in the crystal structure that provides general hints about the
potential application areas without necessarily knowing these funda-
mental properties. Considering their unique chemical structure and
availability of single atom (catalysts), heterogeneous catalysis and gas
separation applications come to mind immediately.

By appropriately designing the CP composition, they could be
incorporated into photovoltaic devices, light emission devices, and
such applications. In the past, organic electronics such as solar cells
have gained massive attention. These materials have shown attractive
bandgap values but their effective masses and conductivity values
must be further engineered. The near limitless combinations of ligands
and metals in constructing 2D coordination polymers allow for such
specific tailoring of band gaps and charge mobilities. There are chal-
lenges awaiting such as electrical conductivity, which is highly depen-
dent on the intrinsic defect density of material systems. At present,
this field is rather speculative based on the lack of experimental evi-
dence, but a promising application nonetheless. More experimental
research and computational studies such as Tang et al. is required to
elevate these material systems into the organic electronic field.””
Finally, an integrated effort to optimize the synthesis of a material with
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promising performance and engineer the material to be processable in
large surface area formats is critical for the field to impact society.
Without this effort, only new and interesting fundamental physics and
chemistries will be discovered.

C. Other aggressive research directions

1. Moire patterns and superlattices

We foresee more aggressive research will takeoff in the upcoming
months, years, and perhaps decades. Recent theoretical and experi-
mental studies have shown that stacking two similar 2D materials with
a small twist angle opens up entirely new classes of materials called
twistronic materials or in generally twistronics. Studies on 2D systems
have already shown that Moire superlattices created by twisting adja-
cent layers with respect to each other gives rise to unusual quantum
properties including superconductivity, Moire excitons, Mott-like
insulators, etc.””"'*’ Similar manipulation of interlayer interaction
could be achieved in 2D CPs, with longer periodicity and potentially
more exotic properties. Many questions in this niche field could poten-
tially serve as guide in 2D CP twistronics or Moire superlattices. For
example, how do the optical properties change when two different CPs
stack onto each other with a particular angle? Can one engineer the
effective pore size by twisting these layers? Can metal link atom inter-
action be enhanced at magical twist angles to engineer magnetism?
Answers to these questions are likely to open new directions and
subfields.

2. Magnetism

While magnetic order in two-dimensions and especially in
organic materials might sound counterintuitive, more thought must
be put in to determine the potential of 2D CPs in 2D magnetism field.
As discussed earlier, theoretical studies already suggest potentially
exotic magnetic order in 2D CPs with selected types of ligand chemis-
tries. The question becomes how can one synthesize these materials
that could exhibit ferromagnetic or ferrimagnetic order in 2D? If mag-
netic ordering is possible, theoretical and experimental studies must
develop theories that could potentially deviate from Heisenberg and
Ising models in 2D. Another question is related to their Curie temper-
ature when the material undergoes paramagnetic to ferromagnetic
crossover at lower temperatures. Is it possible to design materials that
exhibit high T, values for potential application? What are the design
considerations in engineering the T, values? Finally, using heavy metal
atoms from Actinide or pnictine families might create completely new
correlated systems in quantum fields. One particular example could be
the realization of Kondo lattices using 2D polymers.

3. Quantum applications

Quantum technologies are expected to be the future of informa-
tion processing and computation. High density and efficient single
photon emitters are necessary for the future of quantum computing,
Molecular emitters have been suggested as potential candidates for sin-
gle emitter quantum systems due to their sharp emissions and tunable
range of photon energies.

Paramagnetic coordination complexes have been proposed as
alternative molecular spin qubits with molecular electronic spin orien-
tation and superposition as encoded quantum bit states.”* Urtizberea
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et al. designed 2D [CuTCPP]Zn, framework (TCPP: tetrakis(4-car-
boxyphenyl)-porphyrin).”’ In this system, paramagnetic CuTCPP
behaves as a molecule qubit with its singular electron spin and Zn as
its diamagnetic nodes. The concentration of the qubit within the nano-
sheets was controlled through dilution of the solution with the metal
free porphyrin ligands. Pulse electron paramagnetic resonance spec-
troscopy showed phase memory times of 1.04 us at 6 K and 0.39 us at
90 K. Their work demonstrated the potential of 2D coordination com-
plexes as molecular qubits, although longer coherence times and pre-
cise atomic control of magnetic dilution need to be further explored.

Topological insulators (TIs), also known as quantum spin Hall
insulators, are a class of quantum materials that possess symmetry-
protected conductive surface states, which are promising candidates
for spintronic devices and quantum computing applications. Since the
experimental verification of the TT nature of bismuth antimonide, gen-
erations of inorganic TI materials have been predicted and synthe-
sized.'” In 2013, Wang et al. first designed a hexagonal triphenyl-lead
(Pb(CgHs)s) lattice, which showed a robust, nontrivial, gapless edge in
DFT calculations.'*® The same group later identified topological states
in an experimentally realized 2D Ni;C,,S;, Kagome lattice. This struc-
ture contained a 7 conjugated nickel-bis-dithiolene network and theo-
retical calculations showed topological states in both the Dirac band
and a flatband.'”” Another experimentally synthesized 2D CP,
Cu-dicyanoanthracene (DCA), was theoretically predicted to have a
Dirac point at the Fermi level and semi-infinite Dirac edge states
within spin-orbit coupling gaps.** Zhang et al. attributed its topologi-
cal properties to a proper number of electrons in hybridized bands
from Cu ions and DCA molecules. Extended studies predicted Au and
cyanogen networks with a similar structure are also potential TTs. In
2018, Hsu et al. systematically explored metal dicyanobenzenes with
elements ranging from IIIA, IVA, VA, VIA, IB, and Pt. Multiple TIs
were identified from these materials. Interestingly, p-type Bi-DCA
exhibited nearly flat Chern bands from calculations, suggesting a
quantum anomalous Hall (QAH) phase.'”” Spontaneous magnetiza-
tion combined with spin-orbit coupling can potentially give rise to
quantized Hall conductivity. Several teams used DFT and tight-
binding approximation to search for 2D CPs that showed a QAH
effect. From their research, Mn-DCAs, triphenyl-Mn and indium-
phenylene were identified to be potential candidates.' """’

Though most of the work toward finding potential TTs in 2D CPs
is limited to theoretical calculations, advances in synthesis and
manufacturing of 2D CPs would allow integration of the mechanical
flexibility and tunability into fundamental physics exploration and
quantum device applications.

VII. CONCLUSIONS

The future for 2D CPs is extremely bright. The potential applica-
tions for this unique class of materials are nearly limitless, in part due
to the endless combinations of building blocks that can be combined
to produce tailor-made materials. The seminal work in this field has
produced preliminary design rules that help us understand which
ligands and metals can be combined, and in what fashion, to control
the thermal, mechanical, magnetic, and optoelectronic properties.
However, the community has arrived at the crossroads where the syn-
thesis and characterization must integrate in order to accelerate mate-
rial discovery, yield new and fundamental structure-property-
performance relationships, and enable scalable manufacturing

REVIEW scitation.org/journal/are

processes. This will require new instrumentation and inform limita-
tions and needs in characterization. This overview, we hope, will serve
as a roadmap and framework for identifying new and exciting material
targets, strategies for engineering desirable properties, and conduits to
streamline the manufacturing and processing of these exciting
materials.
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